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Abstract
We evaluated whether anserine, a methylated analog of the dipeptide carnos-
ine, is present in the cardiac and skeletal muscles of humans and whether the 
CARNMT1 gene, which encodes the anserine synthesizing enzyme carnosine-N-
methyltransferase, is expressed in human skeletal muscle. We found that anser-
ine is present at low concentrations (low micromolar range) in both cardiac and 
skeletal muscles, and that anserine content in skeletal muscle is ~15 times higher 
than in cardiac muscle (cardiac muscle: 10.1 ± 13.4 μmol·kg−1 of dry muscle, 
n = 12; skeletal muscle: 158.1 ± 68.5 μmol·kg−1 of dry muscle, n = 11, p < 0.0001). 
Anserine content in the heart was highly variable between individuals, ranging 
from 1.4 to 45.4 μmol·kg−1 of dry muscle, but anserine content was not associ-
ated with sex, age, or body mass. We also showed that CARNMT1 gene is poorly 
expressed in skeletal muscle (n = 10). This is the first study to demonstrate that 
anserine is present in the ventricle of the human heart. The presence of anserine 
in human heart and the confirmation of its expression in human skeletal muscle 
open new avenues of investigation on the specific and differential physiological 
functions of histidine dipeptides in striated muscles.
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1   |   INTRODUCTION

The histidine-containing dipeptide (HCD) anserine (β-
alanyl-N-π-methyl-L-histidine) is one of the methylated 
analogs of carnosine (β-alanyl-L-histidine). Carnosine, 
in turn, is found in several mammal species (Dolan 
et al., 2018; Flancbaum et al., 1990) and is expressed in stri-
ated muscles (Everaert et al., 2013,Saunders et al., 2017), 
kidneys (Peters et al., 2015), and some areas of the brain 
(Flancbaum et al., 1990). Carnosine is formed from its con-
stituent amino acids L-histidine and β-alanine in a reac-
tion catalyzed by the enzyme carnosine synthase (CARNS1 
gene) (Drozak et al., 2010). In humans, carnosine concen-
trations can vary depending on tissue, dietary ingestion of 
carnosine precursors, sex, and age (Crush, 1970; Drozak 
et al., 2015; Rezende et al., 2020). Increased intake of the 
amino acid β-alanine via meat ingestion or supplementa-
tion has been shown to increase the carnosine content in 
the skeletal muscle by ~50%–100% (Rezende et al., 2020; 
Saunders et al., 2017). Skeletal muscle is the tissue where 
carnosine is most abundant, representing 99% of the total 
bodily pool of carnosine (Boldyrev et al., 2013). The biolog-
ical importance of carnosine resides on its properties and 
purported functions, which include H+ buffering (Harris 
et al., 2006; Smith, 1938), regulation of Ca2+ transients and 
sensitivity (Dutka et al.,  2012), protection against glyca-
tion and carbonylation, and detoxification of reactive al-
dehydes (Carvalho et al., 2018).

Anserine on the other hand is far less studied than 
carnosine, and little is known about this dipeptide. 
Anserine synthesis is catalyzed by the carnosine-N-
methyltransferase enzyme (CARNMT1 gene), and it occurs 
by transferring a methyl group from S-adenosylmethionine 
onto carnosine to form anserine (Drozak et al., 2015; Mc-
Manus, 1962). Anserine synthesis, therefore, depends on 
the prior synthesis of carnosine. This was confirmed by 
a study with CARNS1 knockout rats (i.e., unable to syn-
thesize carnosine), which showed that these animals 
do not express any anserine in their tissues (Goncalves 
et al.,  2021). Some studies suggested that anserine has 
similar properties to carnosine, acting as a proton (H+) 
buffer, antioxidant, radical scavenger, and Ca2+ handling 
regulator (Abe et al.,  1985; Batrukova & Rubtsov,  1997; 
Kohen et al., 1988), but the physiological functions of an-
serine and its importance to homeostasis remain largely 
unknown.

While anserine is highly expressed in the skele-
tal and cardiac muscles of several species of mammals 
and avians (Christman,  1976; Dolan et al.,  2018; Ever-
aert et al.,  2013), several studies reported that anser-
ine is not present in human striated muscles (Boldyrev 
et al., 2013; Christman, 1976; Mannion et al., 1992). Like-
wise, the gene encoding the anserine-forming enzyme, 

initially characterized in chickens as histamine-N-
methyltransferase-like protein (HNMT-like) has been 
reported not to be part of mammalian genomes (Drozak 
et al.,  2013). More recently, however, the mammalian 
ortholog of carnosine-N-methyltransferase was isolated 
from rat muscle, thoroughly characterized, and confirmed 
to catalyze anserine synthesis via methylation of car-
nosine (Drozak et al., 2015). The crystal structure of the 
human enzyme has been resolved a few years later (Cao 
et al.,  2018). Drozak et al.  (2015) showed that the CAR-
NMT1 gene is expressed in human skeletal muscle; how-
ever, samples from only two individuals were analyzed 
thereby warranting further investigation on the expres-
sion of CARNMT1 in muscle tissue.

Although carnosine has been considered the only HCD 
present in human skeletal muscle (Peters et al., 2015), a 
more recent study has challenged the notion that anser-
ine is not expressed in human skeletal muscle (Hoetker 
et al., 2018). In this investigation, anserine was found at 
very low concentrations (~0.1 nmol·g−1 of tissue), which is 
~100 times less than the typical carnosine concentrations 
in human skeletal muscle. Furthermore, they showed 
that, similar to carnosine, muscle anserine levels increase 
in response to β-alanine supplementation (~20% increase), 
as previously shown in mice (Everaert et al., 2013). To the 
best of our knowledge, this was the only study to show 
the presence of anserine in human skeletal muscle, and 
so further confirmation is necessary. Moreover, it is also 
unknown whether anserine is present in human cardiac 
muscle. While carnosine has been recently implicated in 
important regulatory and protective functions in cardiac 
muscles (Creighton et al.,  2022; Goncalves et al.,  2021; 
Zhao et al., 2020), whether anserine is present or displays 
any physiological function in the human heart remains 
unknown.

Considering the contrasting data on anserine in human 
skeletal and the lack of information on anserine in human 
cardiac muscle, we aimed to gather further knowledge on 
whether anserine is present in human striated muscles 
and to explore the expression of the CARNMT1 gene in 
human skeletal muscle.

2   |   MATERIALS AND METHODS

2.1  |  Human skeletal muscle

Vastus lateralis muscle samples from healthy, physi-
cally active omnivorous males who took part in two 
studies previously conducted in our laboratory (Gon-
calves et al.,  2020; Yamaguchi et al.,  2021) were used. 
Samples from 11 individuals (age = 28 ± 5 years, body 
mass = 80.7 ± 6.5 kg, BMI = 24.7 ± 2.1 kg/m2) were used for 
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HCDs determination whereas samples from 10 unrelated 
individuals (age = 28 ± 6 years, body mass = 71.3 ± 14.2 kg, 
BMI = 23.4 ± 2.6 kg/m2) were used for mRNA extrac-
tion and gene expression analysis. The samples used for 
HCDs analysis had been previously lyophilized for 16 h in 
a bench top freezer drier (Edwards Vacuum) and depro-
teinized for metabolite quantification, for which reason 
we could not use them for mRNA analysis. All samples 
were collected from the middle portion of the vastus later-
alis using the percutaneous needle biopsy technique with 
suction (Goncalves et al.,  2020, Yamaguchi et al.,  2021) 
and were snap frozen immediately after collection and 
preserved at −80°C for later analysis. All experiments 
were approved by the Research Ethics Committee of the 
University of Sao Paulo and complied with the standards 
established by the Declaration of Helsinki (#1942548 and 
#1185971). All participants provided written informed 
consent before taking part in the studies.

2.2  |  Postmortem human heart

Samples from segments of the ventricular wall from 12 in-
dividuals who deceased from different causes were donated 
and used in this study (Table 1). The samples were stored in 
a biorepository of the University of Sao Paulo in the vapor 
phase of liquid nitrogen and a small aliquot was transferred 
to our laboratory, where they were lyophilized for 16 h in a 
bench top freezer drier (Edwards Vacuum) and processed for 
anserine analysis as described below. Since the collection of 
human heart samples was not designed to preserve mRNA 
integrity, these samples were not submitted to mRNA analy-
sis. The experiment was approved by the Research Ethics 
Committee of the University of Sao Paulo (#4802079).

2.3  |  Quantification of anserine  
and carnosine by liquid 
chromatography-electrospray 
ionization-tandem mass spectrometry 
(HPLC-ESI+-MS/MS)

Approximately ~5 mg of lyophilized skeletal and cardiac 
muscle tissues was powdered and deproteinized with 
0.5 M HClO4, vortexed for 15 min, and centrifuged at 
5000g at 4°C for 3 min (Dunnett & Harris, 1997). Samples 
were neutralized with 2.1 M KHCO3, centrifuged at 5000g 
at 4°C for 3 min, and the supernatant was stored at −80°C 
for further analysis. The samples were quantified in dupli-
cate by online HPLC-ESI+-MS/MS using CARd4 as inter-
nal standard, as described before (Goncalves et al., 2020). 
Briefly, the analyses were carried out in positive mode on 
a triple quadrupole mass spectrometer API 6500 (Sciex) 
using selected reaction monitoring (SRM). For sample 
injection and cleanup, was used an Agilent HPLC sys-
tem (Agilent Technologies) equipped with an autosam-
pler (1200 High performance), a column oven set at 45°C 
(1200 G1216B), an automated high pressure flow switch-
ing valve, a 1200 Binary Pump SL, and a Shimadzu10-AVp 
Isocratic Pump (Shimadzu) on two Kinetex C18 columns 
(Phenomenex). At the mass spectrometer, nebulizer and 
auxiliary gas were set to 40 psi and the Dwell Time used 
was 100 ms. The signal to noise ratio (S/N) ≥7 was used as 
the quantification criteria. The transitions used for anser-
ine were: quantification transition (241 → 170 m/z), con-
firmation transition (241 → 109 m/z). The transitions used 
for carnosine were: quantification transition (227 → 110 
m/z), confirmation transition (227 → 156 m/z). For CARd4 
C the transitions were 231 → 110 m/z (quantification) and 
231 → 156 m/z (confirmation).

T A B L E  1   Individual characteristics of the donors of human heart samples used in this study.

ID Age (years) Sex Body mass (kg) BMI (mg∙kg−2) Cause of death

1 11 F 38 NA Acute respiratory failure

2 55 M 49 20.5 Malignant neoplasm

3 38 M 76 23.5 Cardiac failure and bacterial pneumonia

4 62 F 54 21.4 Acute respiratory failure

5 68 M 80 28.3 Cardiac failure and mesenteric ischemia

6 66 M 88 29.4 Pneumonia and septic shock

7 48 M 74 25.9 Malignant neoplasm

8 77 F 60 22.6 Pneumonia and septic shock

9 13 F NA NA Acute respiratory failure

10 60 M 59 20.2 Cerebral vascular accident

11 74 F 56 23.9 Pneumonia and septic shock

12 66 M 66 22.8 Cardiac failure and bacterial pneumonia

Abbreviation: NA, not available.
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2.4  |  Real-time PCR

Real-time PCR was used to determine the expression of 
the CARNMT1 gene in human vastus lateralis having the 
EEF1A1 gene as a reference. Total RNA was isolated using 
Trizol® (Invitrogen) and chloroform and precipitated in 
isopropanol. RNA concentration and purity were meas-
ured in a micro-spectrophotometer (NanoDrop ND2000, 
Thermo Scientific), with integrity being confirmed in de-
naturing agarose gel. cDNA was synthesized with oligo 
DT and M-MLV reverse transcriptase (Promega). PCR was 
carried out with 20 ng cDNA, 22 μL SYBR™ Green (Ap-
plied Biosystems), and 300 nM of each primer in a final 
volume of 44 μL. The cycling conditions were 50°C for 
2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C 
for 60 s, and a final 65–95°C melting ramp with 1°C in-
crements. Signal intensity was monitored using the Rotor 
Gene-Q HRM system (Qiagen). Primers sequences were 
as follows: CARNMT1: 5′-TTCCG​CTA​CTA​CGG​CACC-
3′ and 5′-TCCGG​ATC​TTG​TCC​AAGTGA-3; EEF1A1: 5′-
CTGGC​AAG​GTC​ACC​AAGTCT-3′ and 5′-CCGTT​CTT​
CCA​CCA​CTGAT-3′.

2.5  |  Statistical analysis

Data were confirmed to be normally distributed using 
the Shapiro–Wilk test. Welch two-samples t-tests were 
used to compare differences in cardiac anserine content 
between males and females, and between skeletal and 
cardiac muscles. Differences in carnosine versus an-
serine in skeletal muscle were compared using paired-
sample t-test. Pearson product–moment correlation 
analysis was used to explore whether heart anserine 
content is associated with age or body mass. All analyses 
were conducted in the R-Studio software v.4.0.3. Data 
are presented as mean ± SD and the alpha level was pre-
viously set at 5%.

3   |   RESULTS

3.1  |  Anserine content in cardiac muscle

We observed very low concentrations of anserine in 
human heart ventricle, sitting in the low micromolar 
range (Figure  1). A considerably large interindividual 
variation was observed, with values ranging from ~1.5 to 
45 μmol·kg−1 dry tissue. Larger variation was observed in 
the male samples compared to females, but no significant 
differences were observed between sexes (Figure 1). This 
variation was not associated with age (r = −0.16, p = 0.62) 
or body mass (r = 0.42, p = 0.19).

3.2  |  HCDs content in skeletal muscle

Anserine was also observed in the m. vastus lateralis 
samples (all male participants), however at ~15 times 
higher levels compared to the heart (p < 0.0001). Yet, the 
skeletal muscle anserine content sits in the micromo-
lar range while carnosine content sits in the millimolar 
range (p < 0.0001); anserine therefore, contributes only 
minimally to the total HCDs content in skeletal muscle 
(Figure 2).

3.3  |  CARNMT1 expression

Gene expression analysis of the CARNMT1 gene con-
firmed that it is expressed in human skeletal muscle; 
however, the expression levels are comparatively low in 
relation to the EF1A1 reference gene (all male partici-
pants, Figure 3).

4   |   DISCUSSION

It is widely known that carnosine is abundantly expressed 
in human skeletal muscle (Rezende et al.,  2020). Car-
nosine also seems to be present in the cardiac muscle of 
humans (Flancbaum et al.,  1990) and other mammals 
(Blancquaert et al.,  2016), although much less informa-
tion is available on this matter. Until recently, it was be-
lieved that carnosine was the sole HCD in human striated 
muscles. However, in 2018, Hoetker et al. used a highly 
sensitive analytical method and reported that anserine 
is expressed in human skeletal muscle. Here, using a 
similarly sensitive analytical technique, we confirmed 
that anserine is present in human skeletal muscle and 
further expanded this notion to human cardiac mus-
cle. This indicates that it is time to change the old view 

F I G U R E  1   Anserine content in ventricle postmortem samples 
obtained from 12 donors. The same dataset is broken down into 
male and female donors (offset chart).
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that carnosine is the only HCDs in human striated mus-
cle. We also reported that anserine content is ~100 times 
lower than carnosine in the skeletal muscle (0.16 ± 0.07 
and 17.27 ± 5.79 mmol·kg−1 dm, respectively) and that 
the CARNMT1 gene is expressed in the human skeletal 
muscle.

Since anserine levels in skeletal muscle are too close or 
below the lowest detection limits of most liquid chroma-
tography methods, it is likely that previous studies using 
these methods were unable to detect anserine in human 
muscle. The discrepancy in the literature, therefore, seems 
to have been caused by the lower sensitivity of the meth-
ods used. This indicates that future studies focusing on an-
serine metabolism in humans should use more sensitive 
techniques such as mass spectrometry or other methods 
optimized for anserine quantification.

One important question that arises from the data 
here reported is why anserine content is so much lower 
than carnosine content in skeletal muscle. We propose 
that this results from a combination of three factors, 
as follows: (1) the low expression of the CARNMT1 
gene, as shown in this study; (2) the low catalytic effi-
ciency of the carnosine-N-methyltransferase enzyme, 

as demonstrated by Drozak et al.  (2010); (3) the fact 
that anserine synthesis relies on the synthesis of car-
nosine in the first place. In relation to the relevance 
of CARNMT1 gene expression levels, both CARNMT1 
(Drozak et al.,  2015) and anserine (Peters et al.,  2015) 
were previously reported to be expressed in human 
kidney, with CARNMT1 mRNA levels being ~10 times 
higher in kidney than in muscle (Drozak et al.,  2015) 
and the anserine concentration in the kidney also being 
~10 times higher (1.1–7.4 mmol·kg−1 dry tissue, (Peters 
et al., 2015) compared to what is shown in skeletal mus-
cle in this study and in Hoetker et al. (2018). In relation 
to anserine synthesis being dependent on the previous 
synthesis of carnosine, carnosine methylation seems to 
be the sole pathway for anserine formation. This is sup-
ported by studies with humans (Hoetker et al.,  2018), 
mice (Everaert et al.,  2013), and cell culture (Bauer & 
Schulz, 1994) that showed increased anserine following 
β-alanine supplementation, an intervention that know-
ingly increases carnosine content (Harris et al.,  2006; 
Saunders et al., 2017). Since carnosine is a substrate of 
the carnosine-N-methyltransferase enzyme, increased 
carnosine is expected to result in increased anserine. To 
further support this notion, we have previously shown 
that CARNS1 gene knockout (resulting in the complete 
absence of carnosine) also leads to the complete absence 
of anserine in rat skeletal and cardiac muscles (Gon-
calves et al., 2021). In a scenario of low expression and 
catalytic efficiency of the sole anserine-forming enzyme 
where carnosine formation is the main substrate for an-
serine synthesis, it seems natural that anserine levels 
will necessarily fall far below carnosine levels. Finally, 
the fact that carnosine content in the cardiac muscle is 
lower than in the skeletal muscle (Boldyrev et al., 2013; 
Creighton et al.,  2022) and that the same pattern was 
observed for anserine in this study seems reinforce the 
idea that carnosine levels have a strong influence on an-
serine levels.

This study is the first to show that anserine is ex-
pressed in human cardiac muscles. Importantly, this was 
done in a relatively large number of samples obtained 

F I G U R E  2   Carnosine, anserine, and 
total HCDs (carnosine + anserine) in 
human skeletal muscle.

F I G U R E  3   Expression of the genes EF1A1 (reference gene) 
and the CARNMT1, expressed as number of cycles required to 
reach fluorescent signal threshold.
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from a diverse group of donors. Although a large inter-
individual variability in anserine content was observed, 
this was not significantly associated with sex, age, or 
body mass, despite previous studies indicating that sex 
and age can affect muscle carnosine content (Everaert 
et al., 2011; Lievens et al., 2021; Mannion et al., 1992). It 
is currently unclear whether these factors do not play a 
similar role in the cardiac muscle or whether our study 
is not adequately designed to detect such effects. Since 
the samples used in this study were sourced from an 
institutional biorepository, we have access to limited 
information about the donors and have no means to 
select their characteristics. Notably, most donors had 
underlying cardiac conditions, which could influence 
HCDs and anserine levels in the heart. Moreover, diet 
and meat ingestion are arguably the most influential 
factors affecting HCDs levels in skeletal muscle (Harris 
et al., 2012; Painelli et al., 2018; Yamaguchi et al., 2021), 
and possibly in other tissues. Since we have no informa-
tion on the dietary habits of the donors, we cannot rule 
out the possibility of this large variation being caused, at 
least in part, by differences in meat ingestion.

Another important question that arises from our data 
is what function(s) anserine plays in the skeletal and car-
diac muscles. Anserine has been far less studied than its 
analog carnosine, and little is known about its biological 
relevance. Nonetheless, a few studies have reported that 
anserine displays similar properties compared to car-
nosine, including similar pKa (7.1 and 6.83) (Abe, 2000; 
Harris et al., 2006), antioxidant activity, radical scavenger 
activity, and Ca2+ handling regulator (Abe et al.,  1985; 
Batrukova & Rubtsov, 1997; Kohen et al., 1988). Despite 
the similarities in chemical properties, it seems counter-
intuitive to conceive that anserine and carnosine play 
similar biological functions. Proton buffering capacity is 
highly dependent on buffer concentration; therefore, it 
seems highly unlikely that anserine could be a relevant 
H+ buffer in human striated muscles being expressed in 
low micromolar levels. To date, there is no clear under-
standing of the regulatory functions of HCDs on cardiac 
muscle (Creighton et al., 2022). Studies using genetically 
modified animals indicated that HCDs are key regulators 
of excitation–contraction coupling in cardiomyocytes 
(Goncalves et al., 2021), and that they can confer protec-
tion to the heart tissue in conditions of increased stress 
(Zhao et al., 2020). The protection exerted by HCDs seems 
to be related to the H+ buffering action of HCDs when the 
heart is under acidosis secondary to ischemia, and due to 
their ability to quench reactive aldehydes via formation of 
adducts (Zhao et al., 2020). As discussed, anserine is un-
likely to be a relevant H+ buffer; moreover, all reports of 
aldehyde detoxification indicate that carnosine can form 
adducts (Bispo et al., 2016; Carvalho et al., 2018; Hoetker 

et al.,  2018), with currently no indication that anserine 
could also form adducts with aldehydes. Since the study 
with CARNS1 gene knockout showed that HCDs modulate 
EC-coupling via Ca2+ handling did not differentiate the ef-
fects of carnosine and anserine (Goncalves et al.,  2021), 
this remains a possible role for anserine in cardiac muscle, 
although we emphasize that this is currently unknown. 
Our data showing that anserine is present in human mus-
cles opens a new avenue of investigation and represents 
a first step forward in understanding the functions of an-
serine in striated muscles. There is a clear need for more 
studies aiming to identify the physiological importance 
and roles played by anserine in human striated muscles.

This study is not without limitations. One important 
limitation is that lack of diversity in the participants from 
whom skeletal muscle biopsies were obtained. We used 
samples from a homogenous group of young, healthy, om-
nivorous, physically active male individuals; although this 
controls for several potentially intervening variables, our 
results cannot be extrapolated to other populations, and 
so it remains to be confirmed whether anserine is present 
(and to what extent) in the skeletal muscle of individuals 
with different characteristics. Another limitation is the 
use of postmortem cardiac samples, whose collection was 
not designed to preserve mRNA integrity, thereby render-
ing them unsuitable for gene expression analysis. The lack 
of confirmation of CARNMT1 gene expression in these 
samples is a limitation, although the presence of anserine 
itself in this tissue, along with the fact that carnosine-N-
methyltransferase is the sole anserine-forming enzyme, 
strongly indicates that both the CARNMT1 gene and its 
respective protein are expressed in the cardiac muscle. 
For reasons beyond our control, we were also unable to 
confirm that the carnosine-N-methyltransferase protein 
is expressed in both tissues, which we acknowledge is a 
limitation of this study.

To conclude, we showed for the first time that an-
serine is present in the human cardiac muscle and con-
firmed previous reports that anserine is also expressed 
in human skeletal muscle. While the biological func-
tions of anserine remain unknown, these findings point 
to new directions for future research as it is yet to be 
demonstrated whether carnosine, anserine and other 
HCDs have specific and differential functions in human 
skeletal and cardiac muscles.
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